confounding factors, such as drift in incubator temperatures or flow rates, between 117 measuring dates. The high-precision incubation system we used allowed statistically 118 significant differences in CO 2 production rates to be identified even when the 119 magnitude of such effects were small, allowing us to determine whether the 120 temperature sensitivity of SOM decomposition changed with incubation time. Finally, 121 to determine the implications of the results of our incubation study we carried out a 122 modelling analysis investigating the effect of changing the temperature sensitivity of 123 the decomposition of different soil-C pools on total soil-C losses. Where k r is the rate constant applied to the decomposition of recalcitrant SOM, Q 10r is 195 the Q 10 value assigned to recalcitrant SOM decomposition, C r is the size of the 196 recalcitrant pool and h is the fraction of labile substrate converted to recalcitrant 197
material. 198
Based on the soil incubated in the study presented above, the total C content of 199 the soil was 4 % and the initial rate of heterotrophic (microbial) soil respiration was 200 set to 7.2 g C gdw -1 day -1 . It was not possible to determine the size of the labile SOM 201 pool from our incubation study as labile substrates appeared to be depleted throughout 202 (see below). Therefore, to reflect pool sizes used in similar modelling studies, the 203 large recalcitrant SOM pool was assumed to represent 95% of soil C ( respiration (the mean annual rate of respiration is often higher than the respiration rate 212 at the mean annual temperature in non-water stressed environments). However, as the 213 main aim of the modelling investigation was to determine which parameters are most 214 important in determining soil C-losses in response to warming, rather than to precisely 215 quantify losses, the assigning of the ambient temperature was not critical. 216
Respiration rates and the sizes of the different SOM pools were recalculated 217 on a daily time step and no seasonal changes in temperature or substrate input were 218 included in the model. In the ambient temperature scenario, C inputs exactly equalled 219 C losses from the labile pool through respiration and C transfer to the recalcitrant pool 220 Many SOM decomposition models (e.g. RothC (Jenkinson, 1990 ) and CENTURY 259 (Parton et al., 1987) ) apply temperature functions to intrinsic turnover rates associated 260 with the different SOM pools. The model presented above, investigated the effect of 261 altering the relative contributions of recalcitrant SOM and labile SOM to total 262 heterotrophic soil respiration. As the initial C pool sizes were not altered during these 263 simulations, it could be argued that it was effectively the turnover times of the 264 different SOM pools that were being manipulated. In the modified model, the sizes of 265 the two pools (C l and C r ) were modified so that the mean residence times remained 266 constant when the relative contributions to total heterotrophic respiration were varied 267 in the ambient scenario (mean residence times changed temperature). As expected, the rate of soil respiration declined significantly with increasing 281 incubation time (P < 0.001), reflecting the fact that the most labile substrates were 282 progressively depleted (Fig. 1) . However, the temperature sensitivity of respiration, 283 expressed as a Q 10 , increased significantly with incubation time (Fig. 2) . Based on the 284 reduction in the rate of respiration between days 7 and 124, the contribution of the 285 most labile SOM pool to respiration in the samples that had been incubated for the 286 shortest time was estimated to be approximately 45%. Q 10 values for "labile" and 287 "recalcitrant" SOM decomposition could then be calculated, by mass balance, 288 assuming the Q 10 of the 124 day-incubated samples represented recalcitrant SOM 289 decomposition. The calculated Q 10 values were 2.85 and 3.25, respectively. However, 290 a significant difference was observed in the temperature sensitivity of the respiration 291 of samples incubated for 50 and 124 days despite the rate of respiration declining by 292 only ~12 % between these two periods ( Figs. 1 and 2 ). This suggests that the type of 293 substrate being utilised was changing even after respiration rates had become 294 relatively constant and that labile substrates were being depleted throughout. 295 Therefore, the labile pool probably contributed more than 45 % of initial respiration 296 and magnitude of the difference in Q 10 values between the two pools is probably 297 underestimated. 298 299
Data analysis

Model results 300 301
The modelling exercise was designed to determine the implications of the 302 apparent relationship between substrate quality and the temperature sensitivity of 303 SOM decomposition observed in the incubation study. When simulations were run for 304 1 year, the temperature sensitivity of both labile SOM decomposition (Fig. 3a) and 305 recalcitrant SOM decomposition had a major effect on the magnitude of soil-C losses 306 (Fig. 3b) . However, after 20 years only recalcitrant SOM dynamics were important in 307 determining temperature-induced C losses. The temperature sensitivity of recalcitrant 308 SOM decomposition had a major effect on total soil C losses after twenty years of 309 enhanced soil temperatures (Fig. 4a) , especially in simulations in which recalcitrant 310 SOM decomposition contributed substantially to total heterotrophic respiration. 311
In contrast, the temperature sensitivity of labile SOM decomposition played 312 only a minor role in determining C losses after 20 years (Fig. 4b) . In addition, almost 313 identical results were produced when the sizes of the two pools were altered to reflect 314 the changes in their contributions to respiration, so maintaining the mean residence 315 time of C in each pool (modified model, data not shown). The temperature sensitivity 316 of recalcitrant SOM decomposition and its relative contribution to total heterotrophic 317 soil respiration, this time altered through changes in pool size, remained the key 318 determinants of soil C losses after 20 years, with the temperature sensitivity of the 319 decomposition of the labile pool having little effect. 320
The importance of recalcitrant SOM dynamics can be further illustrated by 321
showing how the contributions of the two pools to soil-C losses changed over time. 322
Within two years of imposing the 3 o C warming treatment, losses of C from the 323 recalcitrant pool exceeded labile pool C-losses, and, after approximately 5 years, 324 losses of C from the labile pool had ceased (Fig. 5 ). In addition, altering the size of 325 the labile SOM pool had relatively little effect on soil C losses after 20 years; tripling 326 the size of the labile C pool (from 5-15 % of SOM) increased C losses from 9.4 to 327 11.6 % of total soil C. However, the size of the labile SOM pool was found to control 328 the speed with which soil respiration rates declined following the onset of the 329 warming treatment. Increasing the size of the labile SOM pool reduced the rate of the 330 decline in the initial positive response of soil respiration to elevated temperature 331 (Fig. 6) . 332
In terms of steady state conditions, when Q 10 values were increased from 2 333 to 4, total losses increased from 18.8 % to 34.0 % of the C stored in each pool, while 334 the rate at which steady state conditions were approached also increased by 23 %. In 335 the labile pool steady state conditions were approached within 263 to 324 days, 336 although, as shown in Figs. 5 and 6, it took considerably longer for the final 337 equilibrium to be reached. The contribution of the recalcitrant pool to total 338 heterotrophic respiration also affected the rate at which steady state conditions were 339 reached, but had no effect on total C losses. In our study it appeared that as the most labile substrates were used up, the 352 temperature sensitivity of soil respiration increased (Figs. 1 and 2 ). The magnitude of 353 this change in the temperature sensitivity of soil respiration was relatively low yet 354 significant differences were observed (Fig. 2) . Even after respiration rates had become 355 relatively constant, the temperature sensitivity of soil respiration continued to increase 356 ( Figs. 1 and 2) suggesting that the quality of the substrates being utilised was 357 changing throughout. As SOM represents a continuum of substrates of differing 358 recalcitrance it is debateable as to whether the temperature sensitivity of truly 359 recalcitrant SOM decomposition can investigated by relatively short-term incubations; 360 directly determining the temperature sensitivity of the decomposition of SOM, with 361 turnover times of hundreds or thousands of years, would require an extremely long-362 term incubation. Therefore, the we propose that the calculated Q 10 values probably 363 still underestimate the temperature sensitivity of truly recalcitrant SOM 364 decomposition, although this suggestion requires extrapolation of our results beyond 365 the range of substrate recalcitrance that we were able to directly measure. 366
Over the course of our incubation, as labile substrates were progressively 367
and the other dates, then it could have been argued that microbial community 374 adaptation was primarily responsible for the observed patterns. In our study, the lack 375 of a significant difference between time 7 and time 50 as compared with the 376 significant difference between time 50 and time 124 (Fig. 2) suggest that differences 377 were generated slowly and continuously over time which is consistent with changes in 378 substrate chemistry being the main driver. However, it remains extremely difficult to 379 determine whether substrate chemistry per se or differences in the temperatures 380 sensitivities of the microbial communities adapted to decompose the different 381 substrates, determined the pattern observed in this study. 382
Studies using both stable and radioactive C isotopes, have attempted to 383 determine whether the contribution of older, more recalcitrant SOM to soil CO 2 384 production changes with incubation temperature. These studies have generally 385 
Model implications 430 431
Many soil decomposition models take into account the wide range of substrates 432 present in SOM by modelling SOM dynamics using a series of C pools with different 433 intrinsic turnover times (e.g. CENTURY (Parton et al., 1987) and RothC (Jenkinson, 434 1990) ). However, these models generally apply the same temperature functions to the 435 decomposition of each pool, regardless of whether the substrates present are assumed 436 to be predominantly labile or recalcitrant. The aim of our modelling study was to 437 determine how sensitive C-loss estimates are to uncertainty in the temperature 438 sensitivity of the decomposition rates of the different pools. 439
The modelling analysis highlighted the temperature sensitivity of the large 440 recalcitrant SOM pool as a critical parameter in determining long-term soil-C losses 441 (Fig. 4) . As the incubation study suggested that the temperature sensitivity of SOM 442 decomposition increases with substrate recalcitrance, and given that most SOM that it is the labile pool dynamics that control the apparent thermal acclimation of soil 454 respiration. Therefore, even investigations into how soil respiration responds to 455 relatively long-term soil warming (1-5 years) will mainly provide information on the 456 size of the labile pool but may tell us little about the potential for long-term C losses 457 (Fig. 6) . 458
Our sensitivity analyses investigated which factors determine soil-C losses 459 after a fixed amount of time (1 or 20 years). In terms of steady state conditions, 460 although the recalcitrant pool takes a longer time to arrive at a new equilibrium, the 461 effect of temperature on the proportion of C lost is identical between the labile and 462 recalcitrant pool; when the Q 10 value was increased from 2 to 4, total C losses fromdecadal response of soil-C stocks to a change in temperature it is clear that the relative 466 sizes of the different pools, the mean residence time of C in the different pools, as 467 well as the temperature sensitivity of decomposition will combine to determine soil-C 468
losses. 469
In contrast to our findings, a recent modelling study, based on current litter 470 input rates and soil-C stocks, estimated that the global temperature sensitivity of SOM 471 decomposition equated to a Q 10 value of just 1.37 (Ise and Moorcroft, 2006) . SOM 472 accumulation is the result of small differences between inputs and outputs, and links 473 between plant productivity and soil respiration, which probably cannot be represented 474 simply by differences in current litter input rates (Ise and Moorcroft, 2006) , may 475 affect the relationship between temperature and SOM accumulation. In our model, the 476 input rate remained constant throughout but one consequence of higher decomposition 477 rates could be increased nutrient availability, which could feedback on plant 478 productivity and therefore the rate of C input to the soil. Our study focused solely on 479 the temperature sensitivity of SOM decomposition and the consequences for soil-C 480 stocks, however, holistic approaches which measure the response of all components of 481 the C-cycle to environmental drivers are clearly urgently required. 482 SOM to total soil respiration tends to be greater at high latitudes (Trumbore, 2000) . 503
The model results presented above suggest that ecosystems in which respired CO 2 is 504 mainly modern, arising from relatively small labile pools, are unlikely to respond 505 positively to temperature in the long term, and therefore may have the potential to act 506 as C sinks, whilst in ecosystems in which there is a substantial contribution from the 507 larger, older SOM pools, sustained C losses are probable. Extending radiocarbon 508 dating of soil respired CO 2 to a broad range of ecosystems may provide important 509 information as to the vulnerability of soil C stores. 510 511
Conclusions 512 513
It has been recognized for some time that the response of SOM decomposition 514 to temperature has the capacity to alter C sequestration in terrestrial ecosystems 515 (Jenkinson et al., 1991; Kirschbaum, 1995) . Whilst the pool structures utilised by 516 models have improved our ability to investigate the effects of climate change on soil 517 C storage, our study also highlights both how difficult, and important, it is to 518 empirically parameterize these models, both in terms of the size of the pools and the 519 exact temperature dependence of decomposition in each pool. Worryingly, the results 520 of our incubation suggest that the temperature sensitivity of SOM decomposition 521 increases with substrate recalcitrance and therefore predictions of future soil-C losses 522 may be underestimated. R e c a l c i t r a n t Q 1 0 R e c a lc it r a n t c o n t r ib u t io n ( % ) (a) (b) 
